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Abstract
We explore realizations of minimal flavor violation (MFV) for leptons in the simplest seesaw models
where the neutrino mass generation mechanism is driven by new fermion singlets (type I) or triplets
(type III) and by a scalar triplet (type II). We also discuss similarities and differences of the MFV
implementation among the three scenarios. To study the phenomenological implications, we consider
a number of effective dimension-six operators that are purely leptonic or couple leptons to the standard-
model gauge and Higgs bosons and evaluate constraints on the scale of MFV associated with these
operators from the latest experimental information. Specifically, we employ the most recent measure-
ments of neutrino mixing parameters as well as the currently available data on flavor-violating radiative
and three-body decays of charged leptons, µ→ e conversion in nuclei, the anomalous magnetic moments
of charged leptons, and their electric dipole moments. The most stringent lower-limit on the MFV scale
comes from the present experimental bound on µ→ eγ and can reach 500 TeV or higher, depending on
the details of the seesaw scheme. With our numerical results, we illustrate some important differences
among the seesaw types. In particular, we show that in types I and III there are features which can
bring about potentially remarkable effects which do not occur in type II. In addition, we comment on
how one of the new effective operators can induce flavor-changing dilepton decays of the Higgs boson,
which may be probed in upcoming searches at the LHC.
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I. INTRODUCTION
The standard model (SM) of particle physics has been immensely successful in describing a vast
amount of experimental data at energies up to O(100)GeV [1]. One of the major implications is
that in the quark sector flavor-dependent new interactions beyond the SM can readily be ruled
out if they give rise to substantial flavor-changing neutral currents (FCNC). This motivates the
formulation of the principle of so-called minimal flavor violation (MFV), which postulates that
the sources of all FCNC and CP violation reside in SM renormalizable Yukawa couplings defined
at tree level [2, 3]. The MFV framework offers a predictive and systematic way to explore new
physics which does not conserve quark flavor and CP symmetries.
The implementation of the MFV principle for quarks is straightforward, but for leptons there
are ambiguities, as the SM by itself does not predict lepton-flavor violation. Since there is now
compelling empirical evidence for neutrino masses and mixing [1], it is of interest to formulate
MFV in the lepton sector by incorporating ingredients beyond the SM that can account for this
observation [4]. However, we lack knowledge regarding not only the origin of neutrino mass, but
also the precise nature of massive neutrinos. They could be Dirac fermions, like the electron and
quarks, as far as their spin properties are concerned. Alternatively, neutrinos being electrically
neutral, there is also the possibility that they are Majorana particles. The mass-generation
mechanisms and Yukawa couplings for the neutrinos in the two cases differ significantly. Since
the MFV hypothesis is closely associated with Yukawa couplings, one expects that the resulting
phenomenologies in the two scenarios are also different.
In the Majorana neutrino case, there have been studies in the literature on some aspects of
MFV realizations in various seesaw scenarios [4–8], especially in the well-known simplest models
of types I, II, and III [9–12]. In this work, we take another look at these three seesaw schemes
to investigate the contributions of new interactions organized according to the MFV principle.
We adopt a model-independent approach, where such contributions consist of an infinite number
of terms which are built up from leptonic Yukawa couplings and their products. It turns out
that the infinite series can be resummed into only 17 terms [13]. This formulation allows one
to have a much more compact understanding of the terms that pertain to a given process. We
find that for the specific processes to be considered only a few of them are relevant. We apply
this to extract lower limits on the scale of MFV in the three seesaw scenarios using the latest
experimental data, including the existing bounds on flavor-violating leptonic processes and the
most recent measurements of neutrino mixing parameters. Also, we will examine the similarities
and differences among the three seesaw types in relation to their MFV phenomenologies. We
demonstrate especially that in types I and III there are features which can bring about potentially
remarkable effects which do not happen in type II.
The plan of this paper is as follows. In the next section, we describe the MFV framework for
leptons in the case that neutrinos are Dirac fermions. In Section III, we discuss the implemen-
tation of the MFV principle in scenarios involving Majorana neutrinos with masses generated
via the seesaw mechanism of types I, II, and III. This is applied in Section IV, where we explore
some of the phenomenology with effective dipole operators involving leptons and the photon.
We evaluate constraints on the MFV scale associated with these operators from currently avail-
able data on flavor-violating radiative decays of charged leptons, µ → e conversion in nuclei,
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flavor-violating three-body decays of charged leptons, and their anomalous magnetic moments
and electric dipole moments. With our numerical results, we illustrate some striking differences
among the three seesaw types. In Section V, we look at several other leptonic operators satisfying
the MFV principle. One of them can cause flavor-violating decay of the Higgs boson, which is
testable at the LHC. We make our conclusions in Section VI.
II. LEPTONIC MFV WITH DIRAC NEUTRINOS
Let us begin by describing how to arrange interactions under the MFV framework for leptons
assuming that neutrinos are of Dirac nature. Following the MFV hypothesis that renormalizable
Yukawa couplings defined at tree level are the only sources of FCNC and CP violation, we need
to start with such couplings for the neutrinos and charged leptons. We slightly extend the SM
by including three right-handed neutrinos which transform as (1, 1, 0) under the SM gauge group
GSM = SU(3)C×SU(2)L×U(1)Y . The Lagrangian responsible for the lepton masses can then be
written as
Lm = −(Yν)kl Lk,L νl,R H˜ − (Ye)kl Lk,LEl,RH + H.c. , (1)
where summation over k, l = 1, 2, 3 is implicit, Yν,e are Yukawa coupling matrices, Lk,L represents
left-handed lepton doublets, νk,R and Ek,R denote right-handed neutrinos and charged leptons,
H is the Higgs boson doublet, and H˜ = iτ2H
∗ involving the second Pauli matrix τ2. Under
the SM gauge group, Lk,L, Ek,R, and H transform as (1, 2,−1/2), (1, 1,−1), and (1, 2, 1/2),
respectively.
The MFV hypothesis [3, 4] implies that Lm is formally invariant under the global group
U(3)L×U(3)ν×U(3)E = Gℓ×U(1)L×U(1)ν×U(1)E with Gℓ = SU(3)L×SU(3)ν×SU(3)E . This
entails that Lk,L, νk,R, and Ek,R belong to the fundamental representations of the SU(3)L,ν,E,
respectively,
LL → VLLL , νR → VννR , ER → VEER , VL,ν,E ∈ SU(3)L,ν,E , (2)
and under Gℓ the Yukawa couplings transform in the spurion sense according to
Yν → VLYνV †ν ∼ (3, 3¯, 1) , Ye → VLYeV †E ∼ (3, 1, 3¯) . (3)
Taking advantage of the requirement that the final effective Lagrangian be invariant under Gℓ,
without loss of generality one can always work in the basis where Ye is diagonal,
Ye =
√
2
v
diag
(
me, mµ, mτ
)
(4)
with v ≃ 246GeV being the Higgs’s vacuum expectation value (VEV), and νk,L, νk,R, Ek,L, and
Ek,R refer to the mass eigenstates. Consequently, one can express Lk,L and Yν in terms of the
Pontecorvo-Maki-Nakagawa-Sakata neutrino mixing matrix UPMNS as
Lk,L =
(
(UPMNS)kl νl,L
Ek,L
)
, Yν =
√
2
v
UPMNS mˆν , mˆν = diag
(
m1, m2, m3
)
, (5)
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where m1,2,3 are the light neutrino eigenmasses and in the standard parametrization [1]
U
PMNS
=

 c12 c13 s12 c13 s13 e−iδ−s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ s23 c13
s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13

 , (6)
with δ being the Dirac CP -violation phase, ckl = cos θkl, and skl = sin θkl.
Based on the transformation properties of the fields and Yukawa spurions, one then uses an
arbitrary number of Yukawa coupling matrices to put together Gℓ-invariant objects which can
induce the desired FCNC and CP -violating interactions. Thus, for operators involving two lepton
fields, the pertinent building blocks are
LLγα∆lLL , νRγα∆ν8νR , ERγα∆e8ER , νR
(
1, σαβ
)
∆νLL , ER
(
1, σαβ
)
∆eLL . (7)
For these to be Gℓ invariant, the ∆’s should transform according to
∆l ∼ (1⊕ 8, 1, 1) , ∆ν8 ∼ (1, 1⊕ 8, 1) , ∆e8 ∼ (1, 1, 1⊕ 8) ,
∆ν ∼ (3¯, 3, 1) , ∆e ∼ (3¯, 1, 3) . (8)
Since LLγα∆lLL, νRγα∆ν8νR, and ERγα∆e8ER must be Hermitian, ∆l,ν8,e8 must be Hermitian
as well. To be acceptable terms in the Lagrangian, the above objects should be combined with
appropriate numbers of other SM fields into singlets under the SM gauge group, with all the
Lorentz indices contracted.
The MFV principle dictates that these ∆’s are built up from the Yukawa coupling matrices
Yν,e and Y
†
ν,e. Let us first discuss a nontrivial ∆ which transforms as (1 ⊕ 8, 1, 1) under Gℓ and
consists of terms in powers of
A = YνY
†
ν =
2
v2
UPMNS mˆ
2
νU
†
PMNS , B = YeY
†
e =
2
v2
diag
(
m2e, m
2
µ, m
2
τ
)
, (9)
both of which also transform as (1 ⊕ 8, 1, 1). Formally, ∆ is a sum of infinitely many terms,
∆ =
∑
ξjkl···A
j
B
k
A
l · · · with coefficients ξjkl··· expected to be at most of O(1). Under the MFV
framework, these coefficients must be real because otherwise they would introduce new sources
of CP violation beyond those in the Yukawa couplings. With the Cayley-Hamilton identity
X3 = X2TrX + 1
2
X
[
TrX2 − (TrX)2]+ 1DetX for an invertible 3×3 matrix X , one can resum
the infinite series into a limited number of terms [13],
∆ = ξ11 + ξ2A+ ξ3B+ ξ4A
2 + ξ5B
2 + ξ6AB+ ξ7BA+ ξ8ABA+ ξ9BA
2 + ξ10BAB
+ ξ11AB
2 + ξ12ABA
2 + ξ13A
2
B
2 + ξ14B
2
A
2 + ξ15B
2
AB + ξ16AB
2
A
2 + ξ17B
2
A
2
B , (10)
where 1 stands for the 3×3 unit matrix. Though one starts with all ξjkl··· being real, the
resummation process generally renders the coefficients ξr in Eq. (10) complex due to imaginary
parts created among the traces of the matrix products AjBkAl · · · with j+k+l+· · · ≥ 6 after the
application of the Cayley-Hamilton identity. The imaginary contributions turn out to be reducible
to factors proportional to a Jarlskog invariant quantity, ImTr
(
A
2
BAB
2
)
= (i/2)Det[A,B], which
is much smaller than unity [13].
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With Eq. (10), one can devise the objects in Eq. (8). Thus, the first of the Hermitian combina-
tions can be ∆l = ∆+∆
†. To obtain nontrivial ∆ν,e, one can take ∆ν = Y
†
ν∆ and ∆e = Y
†
e ∆.
The construction of ∆ν8,e8 can be carried out in a similar way, except A and B are replaced by
A˜ = Y †ν Yν and B˜ = Y
†
e Ye. Since A˜ and B˜ are diagonal, so are any powers of them. Therefore,
∆ν8,e8 do not produce any FCNC and CP -violation effects.
We end this section by mentioning that the above discussion can be easily applied to the quark
sector with the renormalizable Yukawa Lagrangian given by
Lm = −(Yu)klQk,LUl,R H˜ − (Yd)klQk,LDl,RH + H.c. , (11)
where Yu,d are Yukawa coupling matrices, Qk,L represents left-handed quark doublets, and Uk,R
(Dk,R) denote right-handed up-type (down-type) quarks. These fields transform as (3, 2, 1/6),
(3, 1, 2/3), and (3, 1,−1/3), respectively, under the SM gauge group GSM. In the basis where Yd
is diagonalized,
Yd =
√
2
v
diag
(
md, ms, mb
)
, Yu =
√
2
v
V †
CKM
mˆu , mˆu = diag
(
mu, mc, mt
)
, (12)
where VCKM is the Cabibbo-Kobayashi-Maskawa matrix which has the same standard parametriza-
tion as in Eq. (6). For MFV interactions, employing Yu,d along with A = YuY
†
u and B = YdY
†
d
as building blocks, one can construct objects such as ∆q, ∆u, and ∆d, which are the quark
counterparts of ∆l, ∆ν , and ∆e, respectively [14].
III. SEESAW MODELS WITH MFV
If neutrinos are Majorana particles, the Yukawa couplings that take part in generating their
masses differ from those in the Dirac neutrino case and depend on the model details. In this
section we discuss how to realize the MFV hypothesis in the well-motivated seesaw models. The
seesaw mechanism endows neutrinos with Majorana mass and provides a natural explanation
for why they are much lighter than their charged partners. If just one kind of new particle is
added to the minimal SM, there are three different scenarios [9–12]: the famous seesaw models
of type I, type II, and type III. A crucial step in the implementation of MFV in a given model
is to identify the quantities A and B in terms of the relevant Yukawa couplings. This will be the
emphasis of the section.
A. MFV in type-I seesaw model
In the type-I seesaw model, the SM is slightly expanded with the inclusion of three gauge-
singlet right-handed neutrinos, νk,R, which each carry a lepton number of 1 and are allowed to
possess Majorana masses [9]. The renormalizable Lagrangian for the lepton masses is
LIm = −(Yν)kl Lk,L νl,R H˜ − (Ye)kl Lk,LEl,RH − 12 (Mν)kl νck,R νl,R + H.c. , (13)
where Mν = diag(M1,M2,M3) contains the right-handed neutrinos’ Majorana masses, breaking
lepton-number symmetry, and νck,R ≡ (νk,R)c, the superscript c referring to charge conjugation.
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Accordingly, the masses of the neutral fermions make up the 6×6 matrix
M =
(
0 MD
MTD Mν
)
(14)
in the
(
U∗
PMNS
(νL)
c, νR
)
T basis, where MD = vYν/
√
2. If the nonzero elements of Mν are much
greater than those of MD, the seesaw mechanism becomes operational [9], resulting in the light
neutrinos’ mass matrix
mν = −v
2
2
YνM
−1
ν Y
T
ν = UPMNS mˆν U
T
PMNS , (15)
where now UPMNS contains the diagonal matrix P = diag(e
iα1/2, eiα2/2, 1) multiplied from the
right, with α1,2 being the CP -violating Majorana phases. It follows that Yν in Eq. (5) is no
longer valid, and one can instead pick Yν to be [15]
Yν =
i
√
2
v
UPMNS mˆ
1/2
ν OM
1/2
ν , (16)
where O is a matrix satisfying OOT = 1 . Since O can be complex, it is a potentially important
new source of CP violation besides UPMNS.
Another implication of the presence ofMν is that it will introduce an additional source of flavor
violation if the masses M1,2,3 of the right-handed neutrinos, νk,R, are unequal [7]. In that case,
the extra flavor spurions should generally be taken into account by adding their contributions to
∆ in Eq. (10). However, if νk,R have the same mass, M1,2,3 =M, no new terms will need to be
included in Eq. (10). In our treatment of the type-I seesaw with MFV, we restrict ourselves to this
least complicated possibility that the right-handed neutrinos are degenerate. It follows that in
this instance the flavor symmetry is [4] Gℓ = SU(3)L×O(3)ν×SU(3)E , under which νR → OννR
and Yν → VLYνOTν , where Oν is an orthogonal real matrix.
Moreover, from Eq. (16) with Mν =M1 and O being real or complex [4, 6]
A = YνY
†
ν =
2M
v2
U
PMNS
mˆ1/2ν OO
†mˆ1/2ν U
†
PMNS
, (17)
whereas B = YeY
†
e in Eq. (9) is unchanged. These matrices are to be incorporated into the MFV
objects mentioned earlier, such as ∆l,ν,e. We note that, since A˜ = Y
†
ν Yν = (2M/v2)O†mˆνO, here
∆ν8 is no longer diagonal, but it pertains only to νR interactions.
Now, in the Dirac neutrino case, A is given by Eq. (9) and therefore has tiny elements. In
contrast, if M is sufficiently large, the eigenvalues of A in Eq. (17) can be sizable. Nevertheless,
since as an infinite series ∆ has to converge,M cannot be arbitrarily large [13, 14]. Accordingly,
in numerical work we require the biggest eigenvalue of A to be unity, which implies that the
elements of B are comparatively much smaller.
B. MFV in type-II seesaw model
The type-II seesaw model extends the SM with the addition of only one scalar SU(2)L triplet
given by [10, 11]
T =
(
T+/
√
2 T++
T 0 −T+/√2
)
(18)
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which transforms as (1, 3, 1) under the SM gauge group GSM. Accordingly, the Lagrangian de-
scribing the Yukawa couplings of leptons is
LIIm = −(Ye)kl Lk,LEl,RH − 12 (YT )kl Lk,L T˜
(
Ll,L
)c
+ H.c. , (19)
with T˜ = iτ2T
∗. It respects lepton-number conservation if T is assigned a lepton number of −2.
After the VEV of the neutral component of T becomes nonzero,
〈
T 0
〉
= vT /
√
2, one obtains in
LIIm the neutrino mass matrix
mν =
1√
2
vT YT = UPMNS mˆν U
T
PMNS (20)
in the basis where the charged lepton’s Yukawa coupling matrix, Ye, has been diagonalized. If
the nonzero elements of YT are of O(1), the tiny size of neutrino masses then comes from the
suppression of vT due to certain choices of the parameters in the scalar potential V. One can
express it as [16]
V = −M2HH†H +M2T Tr(T †T ) + 12λ1 (H†H)2 + 12λ2 [Tr(T †T )]2 + λ3H†H Tr(T †T )
+ λ4Det(T
†T ) + λ5H
†T †TH − 1√
2
(
µT H˜
†T †H + µ∗T H
†TH˜
)
, (21)
where M2H > 0 and M
2
T > 0. The µT part explicitly breaks lepton-number symmetry and causes
T 0 to develop a nonzero VEV. From the minimization of V, one gets
λ1v
2 = 2M2H + 2|µT |vT − λ3v2T , |µT |v2 = 2M2T vT + λ3v2vT + λ2 v3T . (22)
For |µT |vT ≪ M2H and vT ≪ v, the first equality simplifies to λ1v2 ≃ 2M2H like in the SM, and
with the additional conditions v ≪ MT /|λ3|1/2 and vT ≪ |µT | the second relation in Eq. (22)
translates into
vT ≃
|µT |v2
2M2T
, (23)
which is small if |µT |v ≪M2T . This turns into the seesaw form vT ∼ v2/MT if |µT | ∼MT ≫ v,
but the prerequisites just mentioned do not preclude a scenario with a relatively lighter triplet,
in which MT can be as low as the TeV level [8], provided that |µT | ≪ v.
Since the triplet couples to SM gauge bosons, a nonzero vT will make the ρ0 parameter deviate
from unity [16],
ρ0 =
m2W
m2Z cos
2θW
=
v2 + 2v2T
v2 + 4v2T
≃ 1 − 2v
2
T
v2
. (24)
Its empirical value ρ0 = 1.00040± 0.00024 [1] then implies, at the 2σ level, that vT < 1.6GeV.
This is much weaker than the requirement for the vT range that can produce neutrino masses of
O(0.1 eV) if the elements of YT are of O(1).
To implement the MFV hypothesis in this seesaw scheme, one observes that the Lagrangian in
Eq. (19) possesses formal invariance under the global group U(3)L×U(3)E = G′ℓ×U(1)L×U(1)E ,
with G′ℓ = SU(3)L×SU(3)E , if LL and ER belong to the fundamental representation of SU(3)L,E,
respectively,
LL → VLLL , ER → VEER , VL,E ∈ SU(3)L,E , (25)
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and the Yukawa couplings are spurions transforming according to
Ye → VLYeV †E , YT → VLYTV TL . (26)
Here the building block ∆ still has the expression in Eq. (10), with B = YeY
†
e being the same as
in Eq. (9), but unlike before
A = YTY
†
T =
2
v2T
U
PMNS
mˆ2ν U
†
PMNS
, (27)
where from Eq. (20)
YT =
√
2
vT
U
PMNS
mˆν U
T
PMNS
. (28)
It is interesting to notice that A in Eq. (27) is the same as its Dirac-neutrino counterpart
in Eq. (9), up to an overall factor. Due to this difference, whereas the elements of the latter
are tiny, those in Eq. (27) can be of O(1) if vT is similar in order of magnitude to the neutrino
masses. This will in fact be realized in our numerical analysis, as we will again choose the largest
eigenvalue of A to be unity, which amounts to imposing vT =
√
2 max
(
m1, m2, m3
)
.
Compared to Eq. (17) in the type-I case, A in Eq. (27) is in general much simpler. In particular,
it no longer depends on the Majorana phases in UPMNS which have canceled out due to mˆν being
diagonal and does not involve the O matrix which can supply potentially major extra effects
including CP -violating ones [14].
C. MFV in type-III seesaw model
In the type-III seesaw model, the new particles consist only of three fermionic SU(2)L
triplets [12]
Σk =
(
Σ0k/
√
2 Σ+k
Σ−k −Σ0k/
√
2
)
, k = 1, 2, 3 , (29)
which transform as (1, 3, 0) under the SM gauge group GSM. The Lagrangian responsible for the
lepton masses is then
LIIIm = −(Ye)kl Lk,LEl,RH −
√
2 (YΣ)kl Lk,LΣl H˜ − 12 (MΣ)klTr
(
Σck Σl
)
+ H.c. (30)
where Σck is the charge conjugate of Σk. For convenience, we define the right-handed fields
Ek,R = Σ−k and Nk,R = Σ0k and left-handed fields Ek,L =
(
Σ+k
)
c and Nk,L =
(
Σ0k
)
c. In terms of
matrices containing them and SM leptons, one can express the mass terms in LIIIm after electroweak
symmetry breaking as
LIIIm ⊃ −
(
EL EL
)(Mℓ √2MD
0 MΣ
)(
ER
ER
)
− 1
2
(
ν ′L NL
)( 0 MD
MTD MΣ
)(
(ν ′L)
c
NR
)
+ H.c. , (31)
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where Mℓ = vYe/
√
2 and MD = vYΣ/
√
2 are 3×3 matrices and ν ′L = UPMNSνL. For MΣ ≫ MD
in their nonzero elements, a seesaw mechanism like that in type I becomes operational to generate
the light neutrinos’ mass matrix
mν = −v
2
2
YΣM
−1
Σ Y
T
Σ . (32)
Hence it is tempting simply to write YΣ in a similar way to Yν in type I,
YΣ =
i
√
2
v
U
PMNS
mˆ1/2ν OM
1/2
Σ , (33)
and use Ye in Eq. (4) like before.
One, however, needs to justify this approximation because the light charged leptons, Ek,
mix with the heavy ones, Ek, as can be deduced from Eq. (31). They are related to the mass
eigenstates E ′k and E ′k by(
E
C
E
C
)
=
(
(UEE)C (UEE)C
(UEE)C (UEE)C
)(
E ′
C
E ′
C
)
, C = L,R . (34)
This alters UPMNS in Eq. (33) to (UEE)
†
LUPMNS as well as Ye to (UEE)
†
LYe (UEE)R. At leading
order [17], (UEE)L = 1 −MDM−2Σ M †D and (UEE)R = 1 for MD ≪ MΣ. Thus, the deviations of
(UEE)L,R from the unit matrix are negligible, and the approximation of YΣ in Eq. (33) is justified.
Since MΣ in Eq. (30) would introduce an additional source of flavor violation if the fermion
triplets had unequal masses, in our treatment of type III with MFV, like in type I, we restrict
ourselves to the less complicated possibility that these fermions are degenerate, MΣ = M1 .
Accordingly, here we only need to work with
A = YΣY
†
Σ =
2M
v2
U
PMNS
mˆ1/2ν OO
†mˆ1/2ν U
†
PMNS
(35)
and, as in the previous scenarios, B in Eq. (9), which are no different from those in type I, where
O may be real or complex [4, 6]. Also, we fix the biggest eigenvalue of A to one.
IV. LEPTONIC DIPOLE OPERATORS IN SEESAW MODELS WITH MFV
Having set up the basics of the MFV realizations in the minimal seesaw models of types I,
II, and III, we now study some of the phenomenological implications and point out possible
differences among them. It is clear from the last section that as far as MFV phenomenology
is concerned type I and type III will be virtually alike because, with the new fermion masses
being far above the TeV level, the building blocks for the quantity ∆ are the same in both cases.
However, within the MFV context we expect that marked differences can materialize between
these two models and type II.
To explore the phenomenological consequences of MFV, one can adopt an effective theory
approach [3, 4], assuming that the heavy degrees of freedom in the full theory have been integrated
out. This is especially suitable for the seesaw scenarios under consideration, where the masses of
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the new particles are much greater than the energies of the processes which we examine in this
paper. A number of higher-dimensional effective operators involving leptons have been listed
in the leptonic MFV literature [4, 5]. Here we focus on dimension-six operators which generate
dipole interactions between the SM leptons and electroweak gauge bosons. We deal with several
other leptonic operators in the next section.
The dipole operators of interest are [4]
O
(e1)
RL = g
′ERY
†
e ∆ℓ1σκωH
†LLB
κω , O
(e2)
RL = gERY
†
e ∆ℓ2σκωH
†τaLLW
κω
a , (36)
where W and B stand for the usual SU(2)L×U(1)Y gauge fields with coupling constants g and g′,
respectively, τa are Pauli matrices, summation over a = 1, 2, 3 is implicit, and ∆ℓ1,ℓ2 have the
same form as ∆ in Eq. (10), but with generally different ξr. One can write the effective Lagrangian
for O
(e1,e2)
RL as
Leff =
1
Λ2
[
O
(e1)
RL +O
(e2)
RL
]
+ H.c. , (37)
where Λ is the scale of MFV and their own coefficients in this Lagrangian have been absorbed
by the ξr in their respective ∆’s.
The terms in Eq. (37) with the photon have the general form
LE
k
E
l
γ =
√
απ
Λ2
Ek σκω
{
mE
k
(∆ℓ)kl +mE
l
(∆ℓ)
∗
lk −
[
mE
k
(∆ℓ)kl −mE
l
(∆ℓ)
∗
lk
]
γ5
}
ElF
κω , (38)
where α ≃ 1/137 is the fine-structure constant, F κω denotes the electromagnetic field-strength
tensor, (E1, E2, E3) = (e, µ, τ), and hereafter ∆ℓ = ∆ℓ1 − ∆ℓ2. These interactions contribute
to the flavor-changing decays El → Ekγ, EkE−j E+j and nuclear µ → e conversion, as well as
to the anomalous magnetic moments (g − 2) and electric dipole moments (EDMs) of charged
leptons. We ignore the contributions from Leff to µ → e conversion and El → EkE−j E+j that
are mediated by the Z boson due to the suppression by its mass. The flavor-changing transitions
and lepton EDMs have been searched for over the years, but with null results so far, leading to
increasingly severe bounds on their rates. For the electron and muon g − 2, the predictions and
measurements have reached high precision which continues to improve, implying that the inferred
room for new physics is small and progressively decreasing. Thus the experimental information
on these processes can offer very stringent restrictions on the scale Λ in Eq. (37). We address
this in the rest of the section.
A. Flavor-changing transitions and anomalous magnetic moments
We treat first observables that are not sensitive to CP -violating effects. In this case, we
can retain no more than 3 of the 17 terms of ∆ in Eq. (10), as the others are suppressed by
comparison. Since we pick the largest eigenvalue of the A matrix to be one in order to enhance
the impact of new physics, the elements of A are much greater than those of the B matrix, whose
biggest eigenvalue is 2m2τ/v
2 ≃ 1.0× 10−4. As a consequence, the matrix elements of the terms
in Eq. (10) with at least one power of B are in general significantly smaller due to this suppression
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factor than the terms without any B. Thus, in dealing with such observables, we can make the
approximation ∆ = ξ11 + ξ2A + ξ4A
2, leading to ∆† = ∆ after the small Im ξ1,2,4 have been
ignored.
Among the flavor-changing decays El → Ekγ, one can expect the most severe constraint from
µ → eγ which has the strictest measured limit [1]. With its amplitude derived from Eq. (38),
one determines its branching ratio to be
B(µ→ eγ) = ατµm
5
µ
Λ4
∣∣(∆ℓ)21∣∣2 , (39)
where τµ is the muon lifetime, the electron mass has been neglected, and
(∆ℓ)jk = ξ
ℓ
2Ajk + ξ
ℓ
4 (A
2)jk . (40)
From Eq. (39), one can easily obtain the corresponding formulas for τ → eγ and τ → µγ by
appropriately changing the flavor indices. These tau decays can place complementary restraints
on the dipole couplings.
Searches for µ → e conversion in nuclei can offer constraints on new physics competitive to
those from µ → eγ measurements [18]. Assuming that the flavor-changing transition is again
due to the dipole operators alone, one can write the conversion rate in nucleus N as [19]
B(µN → eN ) = απm
5
µ
∣∣(∆ℓ)21DN ∣∣2
Λ4ωNcapt
, (41)
where DN is the dimensionless overlap integral for N and ωNcapt the rate of µ capture in N . Based
on the existing experimental limits on µ→ e transition in various nuclei [1] and the corresponding
DN and ωNcapt values [19], one expects that the data on µTi→ eTi and µAu→ eAu may supply
important restrictions. To calculate their rates, we will employ DTi = 0.087, DAu = 0.189,
ωTicapt = 2.59× 106/s, and ωAucapt = 13.07× 106/s [19].
Another kind of flavor-changing process which receives contributions from the interactions in
Eq. (38) is the three-body decay El → EkE−j E+j . If there are no other contributions, one can
express its rate as
ΓE
l
→E
k
EjE¯j
=
α2m5E
l
∣∣(∆ℓ)lk∣∣2
4πΛ4
IE
l
→E
k
EjE¯j
, (42)
where the mEk terms in Eq. (38) have been neglected and the factor IEl→EkEjE¯j , from the phase-
space integration, can be calculated using formulas available in the literature [5]. The factors
relevant to the processes we will examine are Iµ→eee¯ = 9.885, Iτ→µµµ¯ = 3.264, Iτ→µee¯ = 16.97,
Iτ→eee¯ = 17.41, and Iτ→eµµ¯ = 3.01.
For numerical analysis, we need in addition the values of the various neutrino parameters,
especially their masses and the elements of the mixing matrix UPMNS. For these, we adopt the
numbers quoted in Table I from a recent fit to global neutrino data [20]. Most of them depend
on whether neutrino masses fall into a normal hierarchy (NH) or an inverted one (IH). Since
empirical information on the absolute scale of m1,2,3 is still far from precise [1], for definiteness
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Parameter NH IH
sin2 θ12 0.308 ± 0.017 0.308 ± 0.017
sin2 θ23 0.437
+0.033
−0.023 0.455
+0.139
−0.031
sin2 θ13 0.0234
+0.0020
−0.0019 0.0240
+0.0019
−0.0022
δ/pi 1.39+0.38−0.27 1.31
+0.29
−0.33
δm2 = m22 −m21
(
7.54+0.26−0.22
) × 10−5 eV2 (7.54+0.26−0.22)× 10−5 eV2
∆m2 =
∣∣m23 − (m21 +m22)/2∣∣ (2.43 ± 0.06) × 10−3 eV2 (2.38 ± 0.06) × 10−3 eV2
TABLE I: Results of a recent analysis of global three-neutrino oscillation data [20], in terms of best-fit
values and allowed 1σ ranges of the mass-mixing parameters. The neutrino mass hierarchy may be
normal
(
m1 < m2 < m3
)
or inverted
(
m3 < m1 < m2
)
.
we set m1 = 0 (m3 = 0) in the NH (IH) case. As for the Majorana phases α1,2, there are still
no data available on their values.
To proceed, we also need to specify the A matrix, which is model dependent, as seen in the
preceding section. For the type-I or -III seesaw scenario, A in Eq. (17) [or (35)] can have many
different realizations, depending onMν and O. We consider first the least complicated possibility
that the right-handed neutrinos νk,R are degenerate, with Mν =M1 , and O is a real orthogonal
matrix, in which case
A =
2M
v2
UPMNS mˆν U
†
PMNS (43)
with eigenvalues Aˆ1,2,3 = 2Mm1,2,3/v2. Explicitly, including this in Eq. (40) yields
(∆ℓ)21 = −c12 c13
(
s12 c23 + e
iδ c12 s23 s13
)(
ξℓ2 Aˆ1 + ξ
ℓ
4 Aˆ
2
1
)
+ s12 c13
(
c12 c23 − eiδ s12 s23 s13
)(
ξℓ2 Aˆ2 + ξ
ℓ
4 Aˆ
2
2
)
+ eiδ s23 c13 s13
(
ξℓ2 Aˆ3 + ξ
ℓ
4 Aˆ
2
3
)
, (44)
(∆ℓ)31 = c12 c13
(
s12 s23 − eiδ c12 c23 s13
)(
ξℓ2 Aˆ1 + ξ
ℓ
4 Aˆ
2
1
)
− s12 c13
(
c12 s23 + e
iδ s12 c23 s13
)(
ξℓ2 Aˆ2 + ξ
ℓ
4 Aˆ
2
2
)
+ eiδ c23 c13 s13
(
ξℓ2 Aˆ3 + ξ
ℓ
4 Aˆ
2
3
)
, (45)
(∆ℓ)32 = −
(
s12 c23 + e
−iδ c12 s23 s13
)(
s12 s23 − eiδ c12 c23 s13
)(
ξℓ2 Aˆ1 + ξ
ℓ
4 Aˆ
2
1
)
−
(
c12 c23 − e−iδ s12 s23 s13
)(
c12 s23 + e
iδ s12 c23 s13
)(
ξℓ2 Aˆ2 + ξ
ℓ
4 Aˆ
2
2
)
+ c23 s23 c
2
13
(
ξℓ2 Aˆ3 + ξ
ℓ
4 Aˆ
2
3
)
. (46)
Later on we will also provide examples for a case in which O is complex.
With (∆ℓ)kl specified, we can determine lower limits on the MFV scale Λ from the experimental
information on the observables described above. The particular data we use are listed in the first
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two columns of Table II. Since in our model-independent approach ξ2,4 are free constants, for
simplicity we assume that only one of them is nonzero at a time. For ξ4 = 0, we scan the
ranges of the neutrino mass and mixing parameters quoted in Table I in order to maximize
(∆ℓ)21,32,31 separately, while ensuring that the values of M make max
(
Aˆ1, Aˆ2, Aˆ3
)
= 1. This
allows us extract the maximal lower-limits on Λˆ = Λ/
∣∣ξℓ2∣∣1/2 from the measured bounds on
B(µ → eγ), B(τ → µγ), and B(τ → eγ) listed in Table II, which are the strictest ones to date
in their respective groups of processes with the same flavor changes. Subsequently, we apply the
acquired values of (∆ℓ)21,32,31 to obtain limits from the other experimental bounds in this table.
We collect the Λˆ numbers in the third column which correspond to the NH (IH) of neutrino
masses. For comparison, employing the central values in Table I would give us results which
are smaller by up to 30%. It is worth mentioning that in all this computation the right-handed
neutrino mass is M≃ (6.0-6.3)× 1014 GeV.
For the type-II scheme, A is given only in Eq. (27), which has eigenvalues Aˆ1,2,3 = 2m21,2,3/v2T
and leads to
(∆ℓ)21 = −c12 c13
(
s12 c23 + e
iδ c12 s23 s13
)(
ξℓ2 Aˆ1 + ξℓ4 Aˆ21
)
+ s12 c13
(
c12 c23 − eiδ s12 s23 s13
)(
ξℓ2 Aˆ2 + ξℓ4 Aˆ22
)
+ eiδ s23 c13 s13
(
ξℓ2 Aˆ3 + ξℓ4 Aˆ23
)
(47)
and its (∆ℓ)31,32 counterparts, which are analogous to those in Eqs. (45) and (46), respectively.
Utilising these matrix elements, we take steps similar to those elaborated in the previous para-
graph, while adjusting vT such that max
(Aˆ1, Aˆ2, Aˆ3) = 1, in order to extract from data the
Observable
Experimental
upper bound
Λˆmin/TeV
Types I and III Type II
B(µ→ eγ) 5.7 × 10−13 [1] 338 (307) 294 (312)
B(µTi→ eTi) 6.1× 10−13 [21] 85 (77) 73 (78)
B(µAu→ eAu) 7.0 × 10−13 [1] 80 (73) 70 (74)
B(µ− → e−e−e+) 1.0 × 10−12 [1] 81 (74) 70 (75)
B(τ → µγ) 4.4× 10−8 [1] 22 (24) 23 (23)
B(τ− → µ−µ−µ+) 2.1× 10−8 [1] 5.6 (5.9) 5.9 (5.9)
B(τ− → µ−e−e+) 1.8× 10−8 [1] 8.7 (9.3) 9.2 (9.3)
B(τ → eγ) 3.3× 10−8 [1] 15 (13) 13 (13)
B(τ− → e−e−e+) 2.7× 10−8 [1] 4.9 (4.2) 4.3 (4.2)
B(τ− → e−µ−µ+) 2.7× 10−8 [1] 3.2 (2.7) 2.8 (2.7)
TABLE II: Lower limits on Λˆ = Λ/
∣∣ξℓ2∣∣1/2 associated with dipole operators O(e1,e2)RL inferred from
experimental upper-bounds on the branching ratios of flavor-violating leptonic transitions, as explained
in the text. In this and the remaining tables, the unbracketed (bracketed) results correspond to the
normal (inverted) hierarchy of light neutrino masses with m1(3) = 0.
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lower limits on Λˆ for ξℓ4 = 0. We collect the results in the fourth column of Table II, which cor-
respond to vT ∼ 0.07 eV. With ξℓ2 = 0 instead, we obtain comparable numbers for Λmin/|ξℓ4|1/2,
specifically 285 (320) TeV from the B(µ→ eγ) data. Now, since 2AˆkM2v2T = Aˆ2kv4, one realizes
that the numbers in the fourth column of Table II are also the limits on Λ/|ξℓ4|1/2 in the type-I
case of the last paragraph with ξℓ2 = 0.
It is clear from Table II that to date the most stringent constraint on the dipole operators in
Eq. (37) comes from the measured bound on µ→ eγ among processes that change lepton flavor.
It is instructive to entertain the consequence of this for the calculated branching ratios of the
other transitions if other operators are absent or have only minor impact. Thus, employing the
Λˆmin numbers belonging to B(µ → eγ) in Table II and the corresponding neutrino parameter
values, we compute the results listed in Table III. The ratios of any two of them and the relative
size of any one of them with respect to B(µ → eγ) are, therefore, predictions of the particular
scenario considered. They can be checked experimentally if two or more of these processes are
detected in the future, as the presence of other operators with nonnegligible effects would likely
lead to a different set of predictions. Since the numbers in Table III are at least two orders of
magnitude below their current experimental bounds, it is of interest to make comparison with
the projected sensitivities of future experiments on lepton flavor violation.
There are planned searches for µ→ eγ with projected sensitivity reaching a few times 10−14
within the next five years [22]. If they come up empty, the predictions in Table III will decrease
somewhat, probably by up to an order of magnitude. Nevertheless, the prediction for µ → 3e
in Table III will likely still be testable with new experiments looking for it which will start
running in a couple of years and may be able to probe a branching ratio as low as 10−16 after
several years [23, 24]. Complementary checks may be available from upcoming searches for
flavor-violating tau decays which can improve their current empirical limits by two orders of
Observable
Prediction
Types I and III Type II
B(µTi→ eTi) 2.4 (2.4) × 10−15 2.4 (2.4) × 10−15
B(µAu→ eAu) 2.2 (2.2) × 10−15 2.2 (2.2) × 10−15
B(µ− → e−e−e+) 3.3 (3.3) × 10−15 3.3 (3.3) × 10−15
B(τ → µγ) 7.9 (14) × 10−13 1.7 (1.4) × 10−12
B(τ− → µ−µ−µ+) 1.5 (2.7) × 10−15 3.3 (2.6) × 10−15
B(τ− → µ−e−e+) 7.8 (14) × 10−15 1.7 (1.3) × 10−14
B(τ → eγ) 2.5 (5.7) × 10−14 8.6 (4.6) × 10−14
B(τ− → e−e−e+) 2.5 (5.7) × 10−16 8.7 (4.7) × 10−16
B(τ− → e−µ−µ+) 4.3 (9.9) × 10−17 15 (8.0) × 10−17
TABLE III: Predictions calculated from the contributions of the dipole operators alone, with the Λˆmin
numbers from the experimental bound on B(µ → eγ) in Table II and the neutrino parameter values
used to determine them.
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magnitude [23]. Potentially severe restrictions will be supplied by future measurements on µ→ e
conversion in nuclei which will begin in a few years and are expected to achieve sensitivity at the
level of 10−17 or better eventually [23, 24].
As another significant observation from Table II, it indicates that no remarkable differences
in the bounds on Λ appear among the three types of seesaw models if in type I or III the right-
handed neutrinos are degenerate and the O matrix is real, with A in Eq. (43). If O is complex
and/or the right-handed neutrinos are nondegenerate, A is less simple which may give rise to
more pronounced deviations from the type-II results. To illustrate this, we next explore the
possibility that O is complex.
With νk,R still degenerate, Mν =M1 , but O complex, A is more complicated,
A =
2
v2
MU
PMNS
mˆ1/2ν OO
†mˆ1/2ν U
†
PMNS
. (48)
One can always write OO† = e2iR with a real antisymmetric matrix
R =

 0 r1 r2−r1 0 r3
−r2 −r3 0

 . (49)
Since OO† is not diagonal, A generally has dependence on the Majorana phases in UPMNS if they
are not zero. To concentrate first on demonstrating how O can bring about significant new
effects, we switch off the Majorana phases, α1,2 = 0. Subsequently, for illustration, we pick
r1 = r2 = r3 = ρ and again scan the parameter ranges in Table I in order to get the highest
Λ/|ξℓ2,4|1/2 from the experimental bound on B(µ → eγ), with the condition that the largest
eigenvalue of A in Eq. (48) is unity. We exhibit the resulting dependence on ρ in Figure 1. It
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FIG. 1: Variation of the lower limit on Λˆ = Λ/|ξℓ2|1/2, subject to B(µ → eγ) data, versus complex-O
parameter ρ = r1 = r2 = r3 in the absence of the Majorana phases, α1,2 = 0, for ξ
ℓ
4 = 0 and degenerate
νk,R (solid curves), as explained in the text. The dashed curves depict the corresponding variation of
the lower limit on Λ/|ξℓ4|1/2 for ξℓ2 = 0.
reveals that, in this example, the contribution of O can boost Λmin by up to 80% with respect
to its value when O is real, which implies that the predicted branching ratio is enhanced by an
order of magnitude.
Turning our attention now to the impact of the Majorana phases, we make the same choice
of r1,2,3 = ρ as in the preceding paragraph, select α1 = 0 and ρ = −1, and let Λˆmin vary as
a function of α2, in similar steps to those in the last example. We display the variation in Figure 2,
which shows that although the Majorana phases in this instance can increase the lower limits
on Λ only moderately, they can induce sizable reduction of it. Hence the associated decay rate
is affected in roughly the same way. All these examples demonstrate that the O matrix and
Majorana phases in types I and III can produce striking effects which do not occur in type II.
Before finishing this subsection, we examine limitations from the anomalous magnetic mo-
ments, aℓ, of charged leptons. The Lagrangian for aℓ is Laℓ =
√
απ aℓ ℓσ
κωℓFκω/
(
2mℓ
)
, which
gets contributions from the flavor-diagonal couplings in Eq. (38). Accordingly
aEk =
4m2Ek
Λ2
[
ξℓ1 δkk + ξ
ℓ
2Akk + ξ
ℓ
4 (A
2)kk
]
, (50)
where as earlier we have ignored the tiny Im ξℓ1,2,4. Since ae is much suppressed by the electron
mass, and since the measurement of aτ is not yet precise [1], the strongest restrictions from
anomalous magnetic moments can be expected from aµ. Currently its experimental and SM
values differ by aexpµ − aSMµ = (249± 87)× 10−11 [25], which suggests that we can require the new
contributions to satisfy
∣∣aµ∣∣ < 3.4× 10−9. Assuming again that the right-handed neutrinos are
degenerate and the O matrix is real, if only one of ξℓ1,2,4 is nonzero at a time, from this aµ bound
we infer Λ/|ξℓ1,2,4|1/2 > 3.6, 2.7, 2.5 TeV. Upon comparing these numbers with those in Table II,
we conclude that the muon g−2 cannot at present compete with the flavor-violating leptonic
transitions in restraining Λ.
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FIG. 2: Variation of the lower limit on Λˆ = Λ/|ξℓ2|1/2, subject to B(µ→ eγ) data, versus α2 for α1 = 0,
degenerate νk,R, and complex-O parameter ρ = r1 = r2 = r3 = −1 (solid curves), as explained in the
text. The dashed curves depict the corresponding variation of the lower limit on Λ/|ξℓ4|1/2 for ξℓ2 = 0.
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B. Lepton EDMs
The interactions in Eq. (38) also contribute to a charged lepton’s electric dipole moment,
denoted by dℓ, which is a sensitive probe for the existence of new sources of CP violation, as the
SM prediction is very small [26]. The Lagrangian for dℓ is Ldℓ = −(idℓ/2)ℓσκωγ5ℓFκω, and so
dEk =
√
2 e v
Λ2
Im
(
Y †e ∆ℓ
)
kk
. (51)
Unlike the observables treated in the previous subsection which are dominated by a few of the
terms in ∆ℓ with lowest orders in the A and B matrices, the contributions pertinent to lepton
EDMs are those from higher orders. Thus, for the electron we have [14]
de =
√
2 e v
Λ2
[
ξℓ12 Im
(
Y †e ABA
2
)
11
+ ξℓ16 Im
(
Y †e AB
2
A
2
)
11
]
, (52)
where we have again neglected Im ξℓr. Hereafter we drop the ξ
ℓ
16 part which is suppressed by one
factor of B relative to the ξℓ12 term. The very small number of them serves to illustrate the benefit
of the resummation of the infinite series in ∆ℓ into the 17 terms, as in Eq. (10).
The latest analysis on de under the MFV framework has been performed in Ref. [14] for the
Dirac neutrino case as well as the type-I (and, hence, also type-III) seesaw model. If neutrinos
are Dirac particles, de has the form
dDe =
32eme
Λ2v8
(
m2µ −m2τ
)(
m21 −m22
)(
m22 −m23
)(
m23 −m21
)
ξℓ12Jℓ , (53)
where Jℓ = Im
(
Ue2Uµ3U
∗
e3U
∗
µ2
)
is a Jarlskog invariant for UPMNS. This turns out to be independent
of the m1,2,3 individually because the neutrino squared-mass differences defined in Table I imply
that
(
m21 −m22
)(
m22 −m23
)(
m23 −m21
)
= δm2
(
∆m2
)
2 − 1
4
(
δm2
)
3. On the other hand, in types I
and III with degenerate νk,R and a real O matrix, in which case A is given by Eq. (43),
dI,IIIe =
32emeM3
Λ2v8
(
m2µ −m2τ
)(
m1 −m2
)(
m2 −m3
)(
m3 −m1
)
ξℓ12Jℓ , (54)
Since mk ≪M, one can see that dDe is considerably suppressed relative to dMe . In contrast, for
type II one derives
dIIe =
32eme
Λ2v2v6T
(
m2µ −m2τ
)(
m21 −m22
)(
m22 −m23
)(
m23 −m21
)
ξℓ12Jℓ =
(
v
vT
)6
dDe , (55)
which is far above dDe due to vT ≪ v. From these formulas, one can readily find those for dµ,τ
by cyclically changing the mass subscripts.
Numerically, dDe = 1.3× 10−99 e cm (GeV/Λˆ)2 [14], which is too minuscule to yield any useful
restraint on Λˆ from the newest data |de|exp < 8.7× 10−29 e cm from the ACME experiment [27].
In the Majorana neutrino case, the type-I (or -III) prediction in Eq. (54) has been evaluated in
Ref. [14] to yield the limit Λˆ > 0.36 (0.12) TeV corresponding to M = 6.16 (6.22)× 1014GeV
for the NH (IH) of neutrino masses.
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In type II, from Eq. (55) we arrive at
dIIe
e cm
= 2.7 (2.6)× 10−31
(
eV
vT
)6(
GeV
Λˆ
)2
(56)
for the NH (IH) case. Then |de|exp < 8.7× 10−29 e cm translates into
Λˆ > 0.055 (0.054) GeV
(
eV
vT
)3
. (57)
With vT ≃ 0.069 eV from the requirement that the largest eigenvalue of A in Eq. (27) be unity,
it follows that
Λˆ > 0.17 TeV , (58)
which is roughly comparable to its counterparts in type I (or III) quoted above.
In the preceding discussion, de is caused by the CP -violating Dirac phase δ in UPMNS, and
the Majorana phases α1,2 therein do not take part. However, if O is complex, the phases in it
may give rise to an extra contribution to de and the Majorana phases can modify it further.
As investigated in detail in Ref. [14], these new CP -violating contributions to de can be more
important than those of δ. Such effects do not occur in type II, as dIIe does not have dependence
on O or α1,2.
V. ADDITIONAL LEPTONIC OPERATORS
Besides the dipole operators, under the MFV framework there are other dimension-six opera-
tors, listed in Ref. [5], that can arise in the three simplest seesaw scenarios. Focusing on operators
that are purely leptonic or couple leptons to the SM gauge and Higgs bosons, one can write
L′eff =
1
Λ2
3∑
m=1
O
(m)
4L +
1
Λ2
[
O
(e3)
RL + H.c.
]
+
1
Λ2
2∑
n=1
O
(n)
LL , (59)
where
O
(1)
4L = LLγ
µ∆(1)
4L
LL LLγµ∆
(1)
4L′
LL , O
(2)
4L = LLγ
µ∆
(2)
4L τaLL LLγµ∆
(2)
4L′
τaLL ,
O
(3)
4L = LLγ
µ∆(3)4LLLER γµER , O
(e3)
RL = (DµH)†ERY †e∆RLDµLL ,
O
(1)
LL =
i
2
[
H†(DµH)− (DµH)†H
]
LLγ
µ∆(1)
LL
LL ,
O
(2)
LL =
i
2
[
H†τa(DµH)− (DµH)†τaH
]
LLγ
µτa∆
(2)
LL
LL , (60)
with Dµ being the usual covariant derivative involving the electroweak gauge bosons. One could
also include ERY
†
e ∆LLERY
†
e ∆
′LL, but this is suppressed by Y
2
e relative to O
(1,2,3)
4L . Since in
this section we are not concerned with observables that are sensitive to CP violation, the ∆’s in
Eq. (60) each have the approximate form ∆ = ξ11 + ξ2A+ ξ4A
2 = ∆† like earlier, with generally
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different coefficients ξ1,2,4 of their own and Im ξ1,2,4 having been dropped. We will use the above
set of operators for analysis.1
The first three of the operators in Eq. (60) contribute directly to E−k → E−l E−l E+l and
E−k → E−l E−j E+j with l 6= j, whereas the last three contribute mainly via diagrams mediated
by the Z boson. Here we assume that the dipole operators O
(1,2)
RL treated in the last subsection
are absent. To see what constraints can be derived from the experimental information on these
decays, for simplicity we select ∆
(1,2)
4L′ = 1 . We then find their branching ratios to be [5],
respectively,
B(Ek → ElElE¯l) = τEkm5Ek1536π3Λ4
[∣∣(A+)lk∣∣2 + 2∣∣(A−)lk∣∣2] ,
B(Ek → ElEjE¯j) = τEkm5Ek1536π3Λ4
[∣∣(A+)lk∣∣2 + ∣∣(A−)lk∣∣2] , (61)
where the final masses have been neglected relative to the initial one, τEk is the lifetime of Ek,
and the matrices A± are combinations of the ∆’s,
A+ =
[
∆(1)
LL
+∆(2)
LL
]
sin2θW + ∆
(3)
4L
,
A− =
[
∆(1)
LL
+∆(2)
LL
](
sin2θW − 12
)
+ ∆(1)4L +∆
(2)
4L , (62)
with sin2θW = 0.23. We have neglected the contributions to A± from O
(e3)
RL due to suppression
by m2E/v
2.
To illustrate the lower limits on Λ obtainable from the data on these decays, already quoted
in Table II, for definiteness we further assume that either only O
(1,2,3)
4L with ∆
(1)
4L = ∆
(2)
4L = ∆
(3)
4L
or O
(1,2)
LL with ∆
(1)
LL = ∆
(2)
LL are contributing at a time, with ξ4 = 0 in the ∆’s, and that in type I
(or III) the A matrix is given by Eq. (43). Using the maximal Akl determined earlier, we infer
the lower bounds on Λˆ presented in Table IV.
Obviously, for these operators the measured limit on B(µ− → e−e−e+) provides the strictest
constraint among the flavor-violating processes. To see the implication of this for the predictions
on the tau three-body modes, we calculate their branching ratios with the Λˆmin numbers belonging
to µ− → e−e−e+ in Table IV and the neutrino parameter values employed to extract them. We
1 In Ref. [28], the list of independent operators includes O′ = H†HERY
†
e ∆H
†LL instead of O
(e3)
RL used here.
However, O′ turns out to be nonindependent in the operator basis adopted in our study, being related to O
(e3)
RL ,
with ∆RL = ∆, and some of the other operators we consider by
2O
(e3)
RL + H.c. =
i
2
[
(H†DµH − (DµH)†H
](
LLγ
µYeY
†
e ∆LL + 2ERγ
µY †e ∆YeER
)
+ i2
[
H†τaDµH − (DµH)†τaH
]
LLγ
µYeY
†
e ∆τaLL
+
[(
λ1H
†H − 12m2h
)
ERY
†
e ∆H
†LL + ERY
†
e ∆LLERY
†
e LL
− 14ERσµνH†
(
gτaW
µν
a + g
′Bµν
)
Y †e ∆LL + H.c.
]
plus terms involving quark fields and total derivatives, where λ1 is the Higgs self-coupling, m
2
h = λ1v
2, and
the equations of motions for SM fields have been applied.
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Process
Λˆmin/TeV
Types I and III Type II
O
(1,2,3)
4L O
(1,2)
LL O
(1,2,3)
4L O
(1,2)
LL
µ− → e−e−e+ 118 (107) 64 (58) 102 (109) 56 (59)
τ− → µ−µ−µ+ 11 (11) 5.8 (6.2) 11 (11) 6.1 (6.2)
τ− → µ−e−e+ 9.6 (10) 5.4 (5.7) 10 (10) 5.7 (5.7)
τ− → e−e−e+ 6.2 (5.3) 3.4 (2.9) 5.5 (5.3) 3.0 (2.9)
τ− → e−µ−µ+ 5.4 (4.6) 3.0 (2.6) 4.7 (4.6) 2.7 (2.6)
TABLE IV: Lower limits on Λˆ = Λ/|ξ2|1/2 associated with operators O(1,2,3)4L and O(1,2)LL inferred from
data on flavor-violating decays of charged leptons, as explained in the text. Only O
(1,2,3)
4L or O
(1,2)
LL are
assumed to be present at a time.
display the results in Table V, which are larger than their counterparts in Table III by roughly
two orders of magnitude. This considerable variation in predictions will help make it easier to
identify the underlying physics if one or more of the flavor-violating transitions we study are
observed in the future.
The first two of the operators in Eq. (59) also contribute to E−k → E−l E−l E+j with l 6= j. Its
branching ratio is
B(Ek → ElElE¯j) = τEkm5Ek768π3Λ4
∣∣DEk→ElElE¯j ∣∣2 , (63)
where
DEk→ElElE¯j =
[
∆(1)
4L
]
lk
[
∆(1)
4L′
]
lj
+
[
∆(1)
4L
]
lj
[
∆(1)
4L′
]
lk
+
[
∆(2)
4L
]
lk
[
∆(2)
4L′
]
lj
+
[
∆(2)
4L
]
lj
[
∆(2)
4L′
]
lk
. (64)
For simplicity, we choose
[
∆(1)4L
]
lk
[
∆(1)
4L′
]
lj
=
[
∆(2)4L
]
lk
[
∆(2)
4L′
]
lj
= ξ2AlkAlj . Subsequently, we scan
the parameter ranges in Table I to maximize AlkAlj, while setting the largest eigenvalue of A to
Observable
Prediction
Types I and III Type II
O
(1,2,3)
4L O
(1,2)
LL O
(1,2,3)
4L O
(1,2)
LL
B(τ− → µ−µ−µ+) 1.4 (2.5) × 10−12 1.4 (2.5) × 10−12 3.0 (2.4) × 10−12 3.0 (2.4) × 10−12
B(τ− → µ−e−e+) 7.7 (14) × 10−13 8.8 (16) × 10−13 1.7 (1.3) × 10−12 1.9 (1.5) × 10−12
B(τ− → e−e−e+) 4.3 (9.9) × 10−14 4.3 (9.9) × 10−14 15 (8.1) × 10−14 15 (8.1) × 10−14
B(τ− → e−µ−µ+) 2.4 (5.5) × 10−14 2.7 (6.3) × 10−14 8.4 (4.5) × 10−14 9.5 (5.1) × 10−14
TABLE V: Predictions calculated from the contributions of either O
(1,2,3)
4L or O
(1,2)
LL alone, with the Λˆmin
numbers from the experimental bound on B(µ− → e−e−e+) in Table IV and the neutrino parameter
values used to determine them.
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unity. With the results, we extract from the experimental bounds B(τ− → e−e−µ+) < 1.5×10−8
and B(τ− → µ−µ−e+) < 1.7×10−8 [1], respectively, the limits Λˆmin > 2.9 (2.7) and 6.0 (5.8) TeV
in type I or III for the normal (inverted) hierarchy of neutrino masses. The corresponding results
for type II are Λˆmin = 2.7 (2.7) and 5.5 (5.8) TeV, respectively. If the above choice for these
operators is to satisfy the measured limit on B(µ− → e−e−e+) as well, we arrive at Λˆmin in the
(27-146)TeV range instead and the branching ratios of τ− → e−e−µ+, µ−µ−e+ below 10−10, like
those in Table V.
We note that the renormalizable couplings of the scalar triplet to leptons as described by
Eq. (19) induce at tree level T -mediated diagrams that correspond to extra operators such
as (YT )km(YT )
∗
lnLk,Lγ
µLl,L L¯m,LγµLn,L/M
2
T [4, 8], which we do not analyze explicitly in this
work. They also contribute to the three-body charged-lepton decays, and so for (YT )kl = O(1)
the lower bounds on MT are comparable in order of magnitude to those on Λˆmin in Table IV,
although MT in general is not the same as Λ. Thus our requirement in type II that the biggest
eigenvalue of A = YTY
†
T be unity translates into the limitation MT > O(100 TeV) according to
the table. With such a mass, the triplet scalars would be undetectable at the LHC. If we relax
the condition on A, the minimum ofMT can be lowered, but at the same time Λˆmin also becomes
weakened. Specifically, for MT at the TeV level, which may be within LHC reach, YT needs to
be two orders of magnitude smaller.
Finally, we address the potential impact of one of the operators in Eq. (59) on the leptonic
decay of the recently discovered Higgs boson. As data from the LHC will continue to accumulate
with increasing precision, they may uncover clues of new physics in the couplings of the particle.
In general operators beyond the SM involving the Higgs boson can bring about modifications
to its standard decay modes and/or cause it to undergo exotic decays [29]. Therefore, here we
investigate to what extent this may occur due to O
(e3)
RL . Although O
(1,2)
LL also contain H , they
each have no tree-level contributions to the Higgs decay into a pair of leptons.
The latest LHC measurements have begun to reveal the Higgs couplings to charged leptons.
The ATLAS and CMS Collaborations have observed h→ τ+τ− and measured its signal strength
to be σ/σSM = 1.42
+0.44
−0.38 and 0.91±0.27, respectively [30, 31]. In contrast, the only experimental
information available on h → µ−µ+ to date are the bounds B(h → µ−µ+) < 1.5 × 10−3 and
1.6 × 10−3 from ATLAS and CMS, respectively [32, 33]. On the other hand, CMS [34] has
intriguingly reported the detection of a slight excess of flavor-violating h → µ±τ∓ events with
a significance of 2.5σ. If the finding is interpreted as a statistical fluctuation, it translates into
the limit B(h → µτ) = B(h → µ−τ+) + B(h → µ+τ−) < 1.57% at 95% C.L. [34]. In view of
these data, we demand nonstandard contributions to respect
0.7 <
Γh→τ τ¯
ΓSMh→τ τ¯
< 1.8 ,
Γh→µµ¯
ΓSMh→µµ¯
< 6.7 ,
Γh→µτ
ΓSMh
< 1.5% , (65)
where ΓSMh→τ τ¯ = 257 keV, Γ
SM
h→µµ¯ = 894 eV, and Γ
SM
h = 4.08 MeV [35] are the SM widths for
a Higgs mass mh = 125.1GeV, which reflects the average of the newest measurements [36].
One can write the amplitude for h→ E−k E+l as
Mh→E
k
E¯
l
= u¯Ek
(
yLklPL + y
R
klPR
)
vEl , (66)
where u and v are the leptons’ spinors and in the SM at tree level yL,Rkl = δklmEk/v. Its decay
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rate is then
Γh→E
k
E¯
l
=
mh
16π
(∣∣yLkl∣∣2 + ∣∣yRkl∣∣2) , (67)
where in the kinematic factor the lepton masses have been neglected compared to mh. Including
the contribution of O
(e3)
RL , we have
yLkl =
δklmE
k
v
−
mE
k
m2h
2Λ2v
(∆RL)kl =
(
yRlk
)∗
. (68)
Upon maximizing the relevant elements of the A matrix, which is in Eq. (43) for type I and
Eq. (27) for type II, we calculate the results collected in Table VI for ξ1 = ξ4 = 0, which fullfil
the conditions in Eq. (65). To get the numbers in the table, we treated the flavor-diagonal modes
independently of the µ±τ∓ channels. If the requirements from h→ µ−µ+, τ−τ+ data, which led
to the higher Λˆmin values in the table, are to be satisfied also by the contributions to h→ µ±τ∓,
we find that Γh→µτ/ΓSMh cannot be more than about 0.11%.
Process
Λˆmin/GeV
Types I and III Type II
h→ µ−µ+, τ−τ+ 175 (170) 168 (170)
h→ µ∓τ± 83 (88) 88 (87)
TABLE VI: Lower limits on Λˆ = Λ/|ξ2|1/2 associated with operator O(e3)RL inferred from measurements
on dilepton Higgs decays, as explained in the text.
VI. CONCLUSIONS
The application of the MFV hypothesis to the lepton sector provides a framework for system-
atically analyzing the predictions of different models in which lepton-flavor nonconservation and
CP violation arise from the leptonic Yukawa couplings. We have explored this in the simplest
seesaw scenarios where neutrino mass generation is mediated by new fermion singlets (type I) or
triplets (type III) and by a scalar triplet (type II). Taking a model-independent effective-theory
approach, we consider the phenomenological implications by analyzing the contributions of new
interactions that are organized according to the MFV hypothesis and consist of only a limited
number of terms which have been resummed from an infinite number of them.
More specifically, we evaluate constraints on the MFV scale Λ associated with leptonic dipole
operators from the latest experimental information on flavor-violating Ek → Elγ decays, nuclear
µ → e conversion, flavor-violating three-body decays of charged leptons, muon g − 2, and the
electron’s EDM. We find that the existing data, especially the bound on B(µ→ eγ), can restrict
the lower limit on Λ to over 500 TeV or more, depending on the details of the seesaw scheme.
In types I and III, this corresponds to the new fermions responsible for the seesaw mechanism
being super heavy, with masses roughly of order 1015GeV. On the other hand, it is interesting
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to point out that in type II, although the VEV of the scalar triplet needs to be vT ∼ 0.07 eV in
our approach, its mass does not have to be 1015GeV and can be as low as a few hundred TeV.
If MT is to be within LHC reach, in the TeV range, vT has to be of O(10 eV) instead. Another
major difference between type I (or III) and type II is that in the former the Yukawa couplings
of the new fermions contain features which can have substantially enhancing effects, including
CP -violating ones, and which do not exist in type II.
Beyond the dipole operators, we look at additional dimension-six operators that involve only
leptons or couple them to the SM gauge and Higgs bosons. Since these operators contribute
to the flavor-changing three-body decays as well, the associated MFV scale must satisfy their
experimental bounds. Based on the resulting strongest constraints, we estimate predictions on
some of these processes which are markedly distinguishable from the corresponding predictions
from the dipole operators.
It is interesting that one of the extra operators can also contribute to the flavor-conserving and
flavor-violating leptonic decays of the Higgs boson and is therefore subject to constraints from
future Higgs measurements at the LHC which will continue to improve in precision. Upcoming
searches for other processes that violate lepton flavor will offer complementary tests on the various
operators in the different seesaw scenarios we have studied. The examples we have presented
serve to illustrate the great importance of making such experimental efforts.
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